This paper presents the results of an analysis of the market penetration of Clean Coal Technologies in the electric utility market in China. The analysis is based on a model of the Chinese energy system developed at Lawrence Livermore National Laboratory.
Introduction
The energy system in China relies heavily on coal for both heating and electric generation.
Within the electric sector, a large portion of the installed capacity is of relatively older design with lower efficiencies and higher emissions than more modern technologies.
A number of "clean coal technologies" (CCT) have been developed which have both high efficiencies and relatively low emissions of sulfur and particulates.
Introducing these CCTs to the Chinese market could reduce emissions of carbon, sulfur and particulates.
However, it is not clear to what extent they might penetrate the market and reduce emissions. This paper reports the results of a study of CCT market penetration that was done using the China Energy Model developed at the Lawrence Livermore National Laboratory (LLNL). The model accounts for market penetration based on the relative prices of competing technologies.
However, g/17/98the market model recognizes that there is a variability of prices within a market. This variability contributes to market penetration of a technology even if it is more expensive than its competitors on the average.
The section below first discuss the modeling approach. Then we discuss the scope and structure of the model of the Chinese energy system. Next we address the issue of cost variability, 'primarily to demonstrate the extent of cost variability and to identify two scenarios of cost variability for analysis. Finally we run the model under two scenarios of cost variability to estimate the impacts on market penetration and the overall reduction in environmental impacts that could be achieved using CCTs.
Modeling approach
This model is developed using the META*Net modeling system developed at LLNL (Lamont) . Under this approach, an economic system is represented as a network of interconnected nodes. The nodes represent economic processes such as end-use demand, conversion technologies, resources, and markets. The links pass information about quantities demanded and prices. Figure 1 shows a simple network for illustration.
META*Net is a modeling system that allows the user to build models based on this representation.
It includes a library of node types and allows the user to build a model by simply specifying the nodes and their links. This approach has the advantage that it is easy to build and modify models. The node models can also be readily extended to model additional types of economic behavior.
The model is typically set up to compute a price quantity equilibrium over multiple period-the China model uses ten five-year periods. Over the model horizon, the model computes price trajectories, quantities, addition and retirement of capital stocks, and exhaustion of resources.
Computation of prices, quantities and economic equilibrium
To solve the model, we compute a price-quantity equilibrium through a sequence of iterations passing quantities demanded down from the end-use nodes and prices up from the resource nodes. At the start of an iteration, demands are generated at the end-use nodes. These are passed down the network.
At market nodes the total market demand is allocated to then suppliers based on their relative prices (this is discussed in greater depth later). The conversion node represent fixed coefficient production processes. Based on the input-output coefficients, they compute the quantity of each input that that are required to produce the output required of them.
The quantities demanded eventually reach the resource nodes. At this point, the model begins to compute prices and send them back up through the network.
Resource nodes contain resource curves that provide the marginal price required to produce the quantity demanded as a function of the total resource that has been exploited up to that period. The conversion nodes receive the prices for each input.
Based on the prices of inputs, their I-O coefficients, capital costs, operating costs, and unit availability, the conversion nodes compute the price required in order that the owner of the process will receive a target rate of return on capital investments. The market nodes compute a quantity weighted average price for the market based and pass that on up. When the prices are received by the end-use nodes, a new quantity demanded is computed using a demand curve. These quantities are passed down to start a new iteration. 
Market nodes
The market nodes compute the allocation of market demand to the market's suppliers based on their prices. Under this approach, the lowest price supplier does not receive the entire demand. Rather he receives a fraction of the demand based on the difference between his price and the prices of other suppliers. Such allocations are frequently done using a logistic function. However, in this case we use somewhat different approach developed by Boyd, et al.
This approach notes that the price on a single supply link to a market in the model actually represents a range of prices. These suppliers will typically have a distribution of costs (or prices that they must charge) and the price they actually charge may vary from instance to instance. Further, there can be a range of other costs that will change the effective price to a buyer. These might include transportation costs not represented in the model or e/17/98 other financing costs. The price for a supply link computed by the model represents the average price of all the suppliers on that link. Given that there is a distribution of prices, there will be instances when purchasing from a supplier on Link A is less expensive than purchasing from suppliers on Link B, even if, on the average, the suppliers on Link A are more expensive.
Based on this approach, the fraction of the market that suppliers on link A receive is computed as the fraction of instances where it is cheaper than the suppliers on another link. Heuristically, we can say that the more the two price distributions overlap, the more equal the market shares will be. When there are just two supply links to a market, we can write the equation for the fraction of the market going to supplier A as: where f,(p,) = The probability density distribution over the effective prices for suppliers on link A F&p,) = The probability that the effective prices for all suppliers on link B will be greater than pA.
If we assume that the distribution of prices follows a Weibull distribution, then there is a simple equation for market share based on the average prices and a single parameter called the "market price sensitivity parameter".
The larger the value of the parameter the more sensitive the market is to prices. That is in a very sensitive market, a supplier with a price just slightly higher than a competitor will receive a small market share. This occurs since a large value of price sensitivity implies a very narrow distribution of prices. Thus there are very few instances where the price distributions overlap. The market price sensitivity parameter is a direct function of the coefficient of variation (COV)' of the price distributions.
The market share curves produced by this approach are similar in shape to those produced by a logistic market share function. However, using this formulation we can relate the market price sensitivity parameter directly to assumptions about the variability of prices in the market.' In the sections below we will assume different values of the coefficient of variation to explore its impact on the results.
Relationship to optimization models
There is a close relationship between economic equilibrium and cost minimization.
A META*Net model can be set up to approximate a cost I The coefficient of variation (COV) of a probability distribution is defined as (standard deviation)/mean 8/17/98minimization solution. If the market nodes are set to be highly sensitive, they will allocate the demands to suppliers so as to approximately equalize their marginal costs. This minimizes the total cost of meeting the demand in the market. Overall this procedure will approximately minimize the total cost of meeting the demands.
Constraints
Both quantity and price constraints can be added to any of the links in the model. These operate by raising the prices sent to market nodes to ensure that the allocations meet the constraints.
Based on the results from a model run, the shadow prices of the constraints can be estimated Scope and Structure of the China energy system model The model of the Chinese energy system has been developed to explore the impact of new technologies in an energy system such as China's,
The structure of the model is shown in Figure 2 The end-use sectors include Industrial, agricultural, commercial, residential (divided into urban and rural) and transportation.
The energy supply sectors include: petroleum (imported and domestic), natural gas (imported and domestic), coal, and biomass. Wind, hydro, and nuclear resources are also included. The electric sector includes generation by domestic technology coal boilers (with and without flue gas desulfurization), foreign technology pulverized coal, atmospheric fluidized bed, integrated gasification and combined cycle, Oil fired combined cycle, hydro, wind and nuclear.
The industrial sector has been further divided into older and more modern technologies. In future studies we expect to investigate the impact of introducing newer, more efficient industrial technologies.
In the present study, we have assumed that the industrial technologies have the efficiency of current technologies.
Data sources
Most of the data on energy flows and capacities is derived from the China Energy Databook, published by Lawrence Berkeley National Laboratory (LBNL) and other publications or memos from LBNL. Estimates of costs of electric generating technologies are based in part on data provided by the US Department of Energy, Office of Fossil Energy (Atwood) and by LBNL. ~These data attempted to reflect the actual costs that would be incurred in China. Other estimates of operating costs and characteristics are based on information from the Technology Assessment Guide (TAG) published by the Electric Power Research Institute. However, the costs in the TAG are for construction and operation in the US. Adjustments were made to attempt to reflect the actual costs found in China. Data about other elements of the energy system were adjusted from data about the US energy system compiled at Lawrence Livermore National Laboratory
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The model is run for ten five year periods nominally starting in 1990. The quantities and prices predicted by the model for the period 1990-95 were compared to the data in the China Energy Data Book. We find reasonably close agreement (after some adjustments) in computed prices, quantity flows, and installed capacity in the electric sector.
Constraints on rate of technology capacity development
Since several of the technologies are not currently widespread in China, it is likely that their rate of introduction would be constrained since it takes time to develop the skills and infrastructure needed to construct and operate a new technology. In this model it is assumed that the CCTs could increase by 10% per year. As can be seen in the results below, this constraint is binding in the early periods and the installed capacity is at the constraint. Eventually each technology finds a stable level of market penetration and tends to remain at that value.
It is also assumed that the rate at which hydro power could be developed is limited. It is assumed here that the amount of hydroelectric power available would increase steadily from about 130 TWh/yr in 1990 to about 1,000 TWh/yr at the end of the model horizon in 2035. The cost of hydropower is assumed to be low enough that the permitted amount of capacity would always be developed.
Assumptions about technology costs and cost variability
Assumptions about the variability of costs is one of the basic inputs to the market share model. We could expect the cost of a given type of generator to vary from installation to installation due to factors such as local skills and experience, skills and experience of the company building the facility, variations in cost of cooling or transmission, and variations in the attractiveness of financing and other costs that must be negotiated for each installation.
Scenarios of cost variability
To develop some perspective on the range of variability that might be possible, we have used data compiled by Sinton (Sinton, 1995) on observed power plant capital costs in the past few years in China. The data should be viewed with some caution: They come from several sources and it isnot clear that the same accounting conventions were used to compute capital costs. The data also refer to a range of plant sizes. A few are small (less than 100 MW) but the rest are in the range of several hundred MW. The data are presented as a histogram in Figure 3 .
There are two outliers with very high costs that apparently include transmission and distribution costs. For the remaining cases, the coefficient of variation in costs is 0.36. S/17/98 For the purpose of this analysis we have chosen three scenarios on price variability in the electric market. The first scenario assumes very little variability. The coefficient of variation is set at 0.04 (i.e. the standard deviation of the price distribution is assumed to be 4% of the average price). This represents something close to what optimization models might do. For the upper bound case we will use a value of 0.25. It seems plausible that there could be at least this much variation in the costs within China. As an intermediate case we will assume a COV of 0.10.
The assumption of higher COVs will tend to increase the penetration of more expensive technologies at the expense of less expensive technologies Taken to the extreme, a very large COV will result in each supplier link to a market receiving about the same share of the market, regardless of their relative prices.
Costs of electric generators
The costs assumed for electric generators in this study are shown in Table 1 . These inputs were assembled and adapted from a variety of sources discussed above. The market penetrations for the various technologies are shown in Figure 4 , Figure 5 , and Figure 6 in terms of share of installed capacity. The domestic coal technology is relatively inexpensive and holds a larger market share than the other coal technologies. As would be expected, its market share declines as we assume a larger COV, since a large COV implies that there are more opportunities for the other technologies to win market share.
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The foreign pulverized coal technology is close to the cost of domestic technology (actually, in these runs it is slightly less expensive, 223 vs 227 Y/MWh in base load mode). Its market share tends to increase as quickly as the constraint on its introduction allows. In all cases, it reaches around a 10% or more market share by 2020.
The integrated gasification and combined cycle technology also captures market share. However, it reaches it maximum share of between 9% and 11% at around year 2020. Its market share does not increase appreciably after that time in any of the cases. the case where no CCTs are allowed into the market, and for the three market penetration scenarios analyzed here. The sulfur emissions estimates are based on the assumption that Chinese steam coal averages 1.1% sulfur (Sinton, China Energy Data Book) .
Conclusions
These results indicate that assumptions about market conditions have a strong effect on market penetration forecasts, particularly for more expensive technologies. If there is very little variation in prices, and markets are optimizing on prices, the penetration of more expensive technologies (such as fluidized bed in this study), will show little penetration.
However, plausible assumption about market conditions lead to the result that there will be a significant market penetration, even by the more expensive technologies.
However, we also find that the penetration of the more expensive technologies is limited, even under the more optimistic market assumptions. The market share tends to increase as quickly as capacity can be constructed up to a point, around the year 2020 in these runs. After that the market share stabilizes at levels ranging from a few percent to 15% depending on the scenario and the technology. 
